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T h i s  p r o g r e s s  r e p o r t  p r e s e n t s  a working h y p o t h e s i s  f o r  o u r  s t u d y  of c o a l  
l i q u e f a c t i o n  w i t h  I l l i n o i s  No. 6 c o a l  and i n d i c a t e s  t h e  k i n d s  o f  e v i d e n c e  on which 
o u r  h y p o t h e s i s  i s  based and which a r e  d e s i r a b l e  f o r  i t s  s u b s t a n t i a t i o n .  

Coa l  i s  c o n s i d e r e d  t o  be most ly  a c r o s s l i n k e d  h i g h  polymer w i t h  condensed 
a r o m a t i c  a g g r e g a t e s  t h a t  are d i f f i c u l t  t o  c l e a v e  and c o n n e c t i n g  l i n k s  t h a t  are 
r e l a t i v e l y  easy  t o  c l e a v e  ( s c i s s i l e  bonds ) .  A r a n g e  of s o l u b l e  materials i s  mixed 
w i t h  t h e  predominant ly  i n s o l u b l e  material. Assoc ia t ed  w i t h  t h e s e  p r imary  bond rela- 
t i o n s  are s i g n i f i c a n t  i n t e r a c t i o n s  between p h e n o l i c  g roups  and p y r i d i n e - t y p e  b a s e s  
( I ) .  Thus,  r e l a t i v e l y  small p o l y f u n c t i o n a l  mo lecu le s ,  even  i f  n o t  i n c o r p o r a t e d  i n  
t h e  network, need complexing s o l v e n t s  t o  d i s s o l v e  them. Our 1976 Coal Workshop 
pape r  r e l a t e d  t h e  molecu la r  we igh t ,  and presumably t h e  f u n c t i o n a l i t y ,  of t h e  f r a c t i o n s  
that  would d i s s o l v e  i n  c e r t a i n  s o l v e n t s  ( 2 ) ,  a s  r e v i s e d  and summarized i n  T a b l e  I .  
Recen t  expe r imen t s  i n d i c a t e . t h a t  e t h y l e n e  d i amine  w i l l  e x t r a c t  from c o a l  much more 
and h i g h e r  molecu la r  we igh t  m a t e r i a l s  a t  12OoC. A n  e f f o r t  t o  relate t h e  amount o f  
s o l u b l e  material e x t r a c t e d  by s o l v e n t s  t o  t h e  amount o f  s o l v e n t  used and t o  t h e  e x t e n t  
o f  s w e l l i n g  o f  t h e  und i s so lved  r e s i d u e  a t  100' i s  i n  p r o g r e s s .  

The e x t r a c t e d  c o a l  i n  t h e  upper  s e r i e s  o f  f r a c t i o n s  i n  T a b l e  I i s  a p r e f e r r e d  
material f o r  l i q u e f a c t i o n  s t u d i e s ,  uncomplicated by admixed s o l u b l e  materials. 
P r o g r e s s  i n  b reak ing  bonds can be fo l lowed  by f o r m a t i o n  o f  s o l u b l e  materials and 
p robab ly  a l s o  by i n c r e a s e d  s w e l l i n g  o f  t h e  i n s o l u b l e  m a t e r i a l  i n  a chosen s o l v e n t .  
The p y r i d i n e - s o l u b l e ,  t o l u e n e - i n s o l u b l e  f r a c t i o n s  of b o t h  c o a l  e x t r a c t  and  SRC are 
p r e f e r r e d  m a t e r i a l s  f o r  f o l l o w i n g  t h e  upgrad ing  o f  sync rudes .  They have f a i r l y  h igh  
m o l e c u l a r  we igh t s  and r a t h e r  narrow molecu la r  w e i g h t  d i s t r i b u t i o n s .  Both t h e  ex- 
t r a c t e d  c o a l  and t h e  p y r i d i n e - s o l u b l e  f r a c t i o n  have  e l emen ta ry  a n a l y s e s  ( d r y ,  mine ra l  
f r e e )  and n u c l e a r  magne t i c  r e sonance  (nmr) s p e c t r a  (3) t h a t  are ve ry  s i m i l a r ;  t h e y  
a p p a r e n t l y  d i f f e r  s i g n i f i c a n t l y  on ly  i n  m o l e c u l a r  size.  

T a b l e  I 

Comparison O f  F r a c t i o n s  from E x t r a c t i o n  and 
S o l v e n t - R e f i n i n g  of I l l i n o i s  No. 6 Coal  

F r a c t i o n s  

I n s o l u b l e  S o l u b l e  i n  P y r i d l n o  T o l u c n e  Hexane 
e x t m c t c d  I n s o l u b l e  i n  T o l u e n e  Hexane 
con1 

% C  79.5 83.0 84.0 
% H  s . 4  6 . 3  
C O  1 0 . 8  7.3 5 . 0  O 

I n c r e a s i n g  C + H ,  d e c r e a s i n g  0 
5 . 1 %  I1 
12.4% 0, A l l  % C  R G . l  87.4 89.9  

4.9 6 . 1  G . G }  ::eH 
5.7 4 .O 2.0 

s o l u b l e  

Common d e s i g n a t i o n s  Preasphal t o n e s ,  Asphal  t o n e s  011s 
a s p h n l t o l s ,  
polar Compounds 

Avernge m o l e c u l e r  w e i g h t  I 1 2 0 0  - 600 ~ 300 
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F i g u r e  1 summarizes  our  d a t a  on r e t e n t i o n  times i n  g e l  pe rmea t ion  chromatography 
(gpc )  a s  a f u n c t i o n  o f  a v e r a g e  molecu la r  w e i g h t s  by vapor  phase  osmometry (vpo)  o f  
f r a c t i o n s  d e r i v e d  from b o t h  c o a l  e x t r a c t  and t h e  s o l v e n t - r e f i n e d  p r o d u c t  from t h e  
same coal. 
ca rbon  t h a n  t h e  e x t r a c t  f r a c t i o n s ,  t h e  p o i n t s  are w e l l  f i t t e d  by a s i n g l e  cu rve .  
I n d i v i d u a l  gpc c u r v e s  show t h a t  f r a c t i o n a t i o n s  i n t o  p y r i d i n e ,  t o l u e n e ,  and hexane- 
s o l u b l e  f r a c t i o n s  g i v e  p r o d u c t s  w i t h  f a i r l y  narrow and symmetr ical  gpc  peaks.  Two 
p a i r s  o f  p o i n t s  i n  F i g u r e  1 cor re spond  t o  d o u b l e  peaks  w i t h  s p e c i a l  f r a c t i o n s .  

Even though t h e  SRC f r a c t i o n s  c o n t a i n  a b o u t  10% more oxygen and 10% l e s s  

L i s t e d  below are a l l  t h e  scissile bonds t h a t  w e  now t h i n k  are  i m p o r t a n t  i n  t h e  
l i q u e f a c t i o n  o f  b i tuminous  coal unde r  common o p e r a t i n g  c o n d i t i o n s .  The same t y p e s  
of bonds a r e  p robab ly  i n v o l v e d  i n  s c i s s i o n s  unde r  s t r o n g l y  a c i d i c  c o n d i t i o n s ,  as wi th  
pheno l  p l u s  bo ron  t r i f l u o r i d e  e t h e r a t e .  

Ar-CH,Ar 

Ar-OAr 
R-OAr 
R-OR 

and S a n a l o g s  

W e  now c o n s i d e r  c u r r e n t  h igh - t empera tu re ,  h i g h - p r e s s u r e  l i q u e f a c t i o n  p r o c e s s e s  
i n  terms of T a b l e  I and t h e  s c i s s i l e  bonds l i s t e d  above. The s o l v e n t - r e f i n i n g  
p r o c e s s  c o n s i s t s  m o s t l y  o f  conve r s ion  of  i n s o l u b l e  c o a l  to t h e  p y r i d i n e - s o l u b l e ,  
t o l u e n e - i n s o l u b l e  f r a c t i o n  o f  SRC. The n e t  r e s u l t  app rox ima tes  l o s s  o f  some hydrogen 
and more oxygen, f o r m a t i o n  o f  a more a r o m a t i c  a g g r e g a t e ,  and some bond b reakage ,  
Because t h e  s o l u b i l i t y - m o l e c u l a r  we igh t  r e l a t i o n s  are t h e  same i n  t h e  e x t r a c t  and 
SRC s e r i e s  (21, t h e  n e t  phenol-base r e l a t i o n s  have changed l i t t l e ,  and so t h e  re- 
q u i r e d  bond b reakage  a p p e a r s  t o  be a s s o c i a t e d  w i t h  n e t  l o s s  o f  e t h e r s  and some b i -  
benzyl  t ype  bonds.  The conve r s ion  o f  SRC t o  "oi l"  o r  d i s t i l l a t e  r e q u i r e s  a l a r g e  
hydrogen i n p u t  and a c o n s i d e r a b l e  r e d u c t i o n  i n  molecu la r  we igh t  and he te roa tom c o n t e n t  
P a r t  o f  t he  hydrogen r e q u i r e m e n t  is t o  cap  t h e  f r agmen t s  l e f t  when he te roa toms  a r e  
removed a s  water, H2S, and NH3, b u t  much o f  t h e  hydrogen r equ i r emen t  may be t o  reduce 
condensed a r o m a t i c  sys t ems  t h a t  canno t  be c l eaved  t o  p a r t i a l l y  hydroa romat i c  systems 
t h a t  can  be c l e a v e d ,  e s p e c i a l l y  by r e fo rming  c a t a l y s t s .  

Our working h y p o t h e s i s  l e a d s  u s  to s u g g e s t  cheape r  a l t e r n a t i v e  r o u t e s  t o  l i q u e -  
f a c t i o n .  F i r s t ,  t h e r e  are i n d i c a t i o n s  t h a t  e t h e r  c l e v a g e  a l o n e ,  w i thou t  removal o f  
oxygen o r  a d d i t i o n  o f  hydrogen,  can r e n d e r  c o a l  s o l u b l e  (4). The a l k y l a t i o n  r e q u i r e -  
ment now seems t o  be a s s o c i a t e d  more w i t h  r e d u c i n g  phenol-base i n t e r a c t i o n s  (1 ,Z)  by 
0 - a l k y l a t i o n  (5) t h a n  w i t h  C - a l k y l a t i o n  ( I ) .  There  shou ld  be lower - t empera tu re ,  low- 
p r e s s u r e  r o u t e s  f o r  e t h e r  c l e a v a g e ,  as by a c i d s  and b a s e s ,  a s  w e l l  as t h e  a l k a l i  
me ta l  r o u t e .  Whether e t h e r  c l e a v a g e  a l o n e  w i l l  t a k e  o u r  c o a l  t o  p r e a s p h a l t e n e s ,  
a l p h a l t e n e s ,  o r  o i l s ,  o r  some o f  each  ( T a b l e  I )  i s  unde r  i n v e s t i g a t i o n  (5). 

O x i d a t i o n s  o f  c o a l  models have shown t h a t  hydroa romat i c  r i n g s  are l i k e l y  t o  be 
a t t a c k e d  f i r s t  i n  f r e e  r a d i c a l  c h a i n  o x i d a t i o n s .  W e  have t h e r e f o r e  t r i e d  t o  dehy- 
d r o g e n a t e  such r i n g s  t o  a r o m a t i c  r i n g s  w i t h  t w o  o b j e c t i v e s ,  t o  d i r e c t  t h e  o x i d a t i o n  
t o  t h e  s c i s s i l e  bonds and t o  r e c o v e r  hydrogen f o r  subsequen t  p r o c e s s i n g .  Our f i r s t  
expe r imen t  w i t h  e t h y l e n e  as hydrogen a c c e p t o r  h a s  g iven  some promise o f  success .  
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We a r e  a l s o  s t u d y i n g  t h e  p o s s i b i l i t y  t h a t  s e l e c t i v e  o x i d a t i o n  w i l l  c l e a v e  most 
of t h e  s c i s s i l e  bonds l i s t e d  above. O x i d a t i o n  o f  d i a r y l m e t h a n e s  shou ld  g i v e  k e t o n e s  
t h a t  can  be conve r t ed  t o  e s t e r s  w i th  a p e r a c i d .  Longer  a l i p h a t i c  c h a i n s  between a r y l  
g roups  shou ld  be o x i d i z e d  t o  p a i r s  of a c i d s .  The a l k y l  e t h e r s  should be o x i d i z e d  t o  
esters. Hydro lys i s  of  e s t e r s  should then  r e s u l t  i n  c l e a v a g e  o f  scissile bonds. Mild 
o x i d a t i o n s  o f  e x t r a c t e d  c o a l  w i t h  subsequent  base h y d r o l y s i s  have indeed g iven  marked 
i n c r e a s e s  i n  s o l u b l e  m a t e r i a l s .  O x i d a t i o n  and nmr s t u d i e s  on s o l u b l e  f r a c t i o n s  o f  
Coal e x t r a c t  and SRC i n d i c a t e  t h a t  t h e  e x t r a c t  i s  r e l a t i v e l y  r i c h  i n  benzy l  hydrogen 
atoms and t h a t  t h e s e  are l o s t  p e r f e r e n t i a l l y  i n  o x i d a t i o n ;  however, t h e  SRC f r a c t i o n s  
t h a t  have t h e  most a r o m a t i c  hydrogen are most r e a c t i v e  and t h i s  k ind  o f  hydrogen i s  
l o s t  p r e f e r e n t i a l l y  i n  o x i d a t i o n .  

We have a l s o  examined t h e  use  of commercial  household b l e a c h ,  - 0.8 M sodium 
h y p o c h l o r i t e ,  as an  o x i d i z i n g  a g e n t  a t  30°,  where e x t r a c t e d  c o a l  i s  ve ry  r e a c t i v e .  
By s t e p w i s e  o x i d a t i o n ,  w i th  removal o f  a c i d s  as they  form, w e  have r ecove red  76% of 
t h e  carbon r e a c t i n g  as c a r b o x y l i c  a c i d s ,  most ly  b l ack  and s o l u b l e  o n l y  i n  aqueous 
sodium b i c a r b o n a t e ,  w i t h  smaller p r o p o r t i o n s  o f  wa te r - so lub le  p o l y b a s i c  a c i d s .  The 
s u s c e p t i b i l i t y  of Some, b u t  n o t  a l l ,  s u b s t r a t e s  to o x i d a t i o n  by sodium h y p o c h l o r i t e  
i s  pH dependen t .  
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